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NOTATION (U)

,.Aj instantaneous amplitude measured at sensor j
.0j instantaneous residual phase of Eq (2)

YA normalized amplitude standard deviation of Eq (4)Ii S--+N signal plus noise power of Eq (9)

N noise power of Eq (10)
C array phase coherence coefficient of Eq (12)

p
ASG array signal gain of Eq (13)

NC, amplitude nonhomogeneity factor of Eq (15)

percent relative amplitude standard deviation of Eq (16)

CNAjq normalized amplitude covariance of Eq (20)
Cjp array phase coherence matrix of Eq (21)

(7•)2 classical coherence matrix of Eq (22)

CDI plot notation for CNAj2; see Eq (23)

CD2 plot notation for C(J; see Eq (24)

. CD3 plot notation for ( c )1; see Eq (25)

SDi plot notation for (01)2 of Eq (27)i
SNDi plot notation for 11 of Eq (28)

CUi plot notation for Ci of Eq (29)

MNDi plot notation for pN of Eq (30)

MSi plot notation for M. of Eq (31)

CF coherence factor of Eq (32)
SF structure factor of Eq (33)

CM4 plot notation for CMjQ of Eq (37)

NAC amount of negative amplitude correlation as defined by Eq (39)

DSi plot notation for Ai (AT) of Eq (40)

ADSi plot notation of AAi of Eq (43)
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I. (U) INTRODUCTION

(C) This report investigates (via acoustic synoptic factors) how the variable and
random sound field structure influences the performance of wide-aperture, horizontal line
array systems for low-frequency, narrowband sources in the northwestern Indian Ocean
using data from the Bearing Stake exercise.

(U) When operating an array system in the ocean, a complex situation results. There
are environmental and system variables that result in a variable system behavior. Environ-
mental variables are oceanic conditions (eg, multipath), geographic location, and measure-
ment conditions (eg, array depth and surveillance range). Examples of system variables
are averaging time and processing algorithms. The variable system behavior manifests it-
self by its impact on array gain, sidelobe degradation, etc.

(U) Obviously these variables interact. A convenient and representative summary
"is given below.

A. Environmental variables:

1. Oceanic conditions, eg, propagationl loss, bathymetry, bottom interaction
and losses, sea state, sound-speed channels, multipaths, internal waves,

. diffraction, dispersion, scattering, structure of the sound-speed profile,
fronts and eddies, noise, fluctuations

2. Geographic location

3. Season

4. Array deformation
5. Measurement conditions, eg, source level and tow speed, frequency, band-

width, surveillance range, target bearing and aspect, array depth and tilt,
array aperture length and configuration, type of target signal, track of

. maneuvering submarine, doppler.

B. System variables:

1. Averaging time and method

2. Bandwidth
3. Beamformer weighting (array shading)

4. Degree of signal clipping

5. Processing algorithms nd criteria

6. Array operation procedure (eg, tow jpi.:: -w - turns).

C. Variable system behavior can be characterized by

1. Array gain

1. Coherence

3. Sidelobe degradation

4. Quality of the main beam (eg, effective beamwidth, beam splitting,
beam jumping) (Ref 1)

5. Quality of the CMAP passive ambiguity surface (Ref 1)

6. Target detectability

7. False alarms

1. 1. A. Neubert, "Performance Variability of Sonar Systems (U)," NOSC TR 679, April 1981 (CONF).
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(U) To permit consideration of as many of these factors as feasible, extensive
experiments such as Bearing Stake (discussed below) have accumulated massive data bases.
In order to use these large quantities of data to systematically appraise system performance,
synoptic factors have been computed and then tabulated and/or plotted versus the variables

2 •of interest. For example, the array signal gain behavior of an array system can be summarized
for each data set by the coefficient ASG of Eq (13). Then ASG can be tabulated versus,
say, range and integration time. Examining these tabulations gives a quantitative appraisal
of such things as the importance of array deformation and the limitations of integration
time and range. These tabulations can be further simplified by taking the mean and standard
deviation of ASG. These statistical values can then be compared as a function of, say, array
depth and tilt, target bearing, geographic location, and season to analyze array system
behavior and its models.

(U) What is a synoptic factor? It is not an abstract concept, but is a computed
_ :- synoptic quantity determined by the actual data themselves. Hence synoptic factors can

consider the complex effects of the environmental and systems variables on the behavior of
specific systems. They use actual ocean data to concisely characterize the pertinent system

-, behavior. Each synoptic factor is specifically classified by the conditions that occur during
the ocean measurement and by the method of system application. Synoptic factors quantify
the impact of complex environmental and system variables on the amplitude and phase rand
their interaction) across the array and relate these to the behavior of array systems. Actually
it is easier to think in terms of two types of synoptic factors: acoustic synoptic factors and
system synoptic factors. Acoustic synoptic factors are coefficients that summarize quanti-
tatively the acoustic behavior across arrays as a function of the environmental variables.
System synoptic factors are coefficients that summarize quantitatively the impact of the en-

t vironmental and system variables on array system behavior. This report is primarily interested
in the application of acoustic synoptic factors to array systems. However, Cai `f Ref 1 is an
example of an effective system synoptic factor for some cases (see Fig 6 and 8 of Ref 1).

(U) By themselves synoptic factors cannot predict array system behavior if the
underlying pertinent conditions change. They merely synopsize this behavior in a useful
form that is sensitive to the changes in the underlying pertinent conditions. Therefore, they
are useful for quantitatively comparing changing oceanic situations and often for discerning
which changing conditions affect the system behavior and by how much. Examples of this
are found in Sections III and IV. However, synoptic factors can be used with dete"ministic
theoretical models such as normal modes (Ref 2) and Raywave (Ref 3). Deterministic models
can consider or approximate some of the wide range of interacting oceanic variables and then
be input into the synoptic factor algorithms. The theoretical results produced thereby can
then be compared with the synoptic factor algorithms using real oceanic data inputs. The
results can be used to appraise the suitability of the theoretical models for the situation
under consideration. By iterative use of this approach, the theoretical mnodels can be im-
proved and the pertinent oceanic conditions can be better understood (Ref 4). In short,
synoptic factors can succinctly evaluate the accuracy and variability of deterministic
theoretical approaches as a function of environmental and system variables in order to
suggest improvements in these theoretical models.

2. M. A. Pedersen and G. S. Yee, "Propagation Loss Assessnent of the Bearing Stake Exorcise (U),"
NOSC TR 467, 28 September 1979, CONF.

3. W. H. Watson and R. W. McGirr, "Raywave If: A Propagation Loss Model for the Analysis of
Complex Ocean Environments," NUC TN 1516, 1975.

4. D. F. Gordon, "Array Shnulation at the Bearing Stake Sites (U)." NOSC TR 664, April 1981,
CONF.
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(U) The synoptic factor technique discussed below is universal (ie, it is not site
specific), while the data from any site may be unique. Once developed for a sufficiently
complex region (like the northwestern Indian Ocean), the synoptic factors can be applied

J with equal validity to other ocean regions (such as the Mediterranean Sea, the Norwegian
Sea and the Sea of Japan) as the data are made available. By comparing archival data and
using appropriate models, projections of array systems behavior to other regions, where data
are not yet available, can be made from regions for which data presently exist. This makes
synoptic factors useful for planning experiments and for projecting present and future array
system performance to other regions.

(C) Figure I shows the northwestern Indian Ocean surveyed during Bearing Stake.
It has been shown (Ref 5 through 10) that the sound field was highly structured and variable
in this strategically important ocean region and that the sound field structure changed from
site to site. For wide-aperture, horizontal line arrays in this multipath environment, the
sound field structure can be described by

1. the amplitude nonhomogeneity across the array,
2. the wavefront corrugation across the array,
3. the fluctuations,
and
4. the interaction of these as discussed below.

(U) Three arrays were employed for several projector tows for five sites shown in Fig 1
during Bearing Stake. These three arrays were:

1. Ocean Acoustic Measurement System (OAMS) array,
2. Long Acoustic Towed Array (LATA) (formally called Lambda I), and
3. Bottom-Mounted Array (BMA).

(U) In Section II several acoustic synoptic factors are given and explained. Section
III extends the sound field structure study of Ref 7 by introducing several new acoustic
"synoptic factors. !t also illustrates the impact of an array turn on the performance of an
array. It concludes by showing some interactions between acoustic synoptic parameters.
Section IV discusses the stability of time averages for the purposes of appraising array
performance and introduces an appropriate class of acoustic synoptic factors. Section V
discusses the merits of a normal mode array performance model using Bearing Stake data.

(U) In this report the first 11 signal array arrivals for projector tow 2P3A and the
first 12 signal array arrivals for projector 4PI are considered as representative of the Bearing
Stake data. These data are shown in Fig 2 through 24 and pertain to the relations in
Sections 11 and IV. Acoustic synoptic factors from Sections 11 through IV for all of pro-
jectors tows 2P3A and 4PI are found in Tables I and 2.

S. J. A. Neubert, "Bearing Stake Coherence Data Analysis: Part I. The OAMS Array (U)." NOSC TN
380, 6 February 1978, CONF.

6. J. A. Neubert, "Bearing Stake Coherence Data Analysis: Bottom.Morunted Array (U)," NOSC TN
452, 31 May 1978, CONF.

7. A. G. Fabula and J. A. Neubort, "Bearing Stake Data Analysi:. LATA (U)," NOSC TN 589,
November 1978, CONF.

8. J. A. Neubert, "Bearing Stake Array Signal Gain Analysis (U),." NOSC TN 624, December 1978, CONF.

9. J. A. Neubert, "Bearing Stake Coherence and Array SigtnA Gain Area Assessment Report (U):'
NOSC TR 383, December 1978, CONF.

10. J. A. Neubert, "Coherence and Its Scund Field Structure in the Northwestern Indian Ocean (U),"
1. Underwater Acoustics, November 1980, CONF.
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II. (U) ACOUSTIC SYNOPTIC FACTORS

(U') Represent a narrowband signal arriving at the jth sensor along a wide-aperture,
horizontal line array at time t by

Fj = Ajexp F i(Oj- (1)

where Aj is the amplitude, Oj is the phase and w is the angular frequency. Given the target
bearing 4)o (defined as zero for a forward endfire arrival), define the residual phase as

6i = Oj- ko dj coso 4 , (2)

where k0 is the wavenumber and dj is the distance from the first sensor to the jth sensor
(d I = 0). The amplitude fluctuations are given by

I k = Aj.-Ajl (3)

The total number of array sensors is denoted by J.

(U) For an array of J sensors, 0j = 0Q for all * Q represents a plane arrival for a
linear horizontal array. Likewise. Ai = AQ for all j * R represents a homogeneous amplitude
arrival along the array. Wavefront corrugation occurs when *j * 02 for any j * Q, ie, it
represents a nonlinear phase variation along the array. Amplitude nonhomogeneity (ic,
amplitude variation along the array) occurs when Aj * AR for any j * Q. Amplitude non-
homogeneity and wavefront corrugation represent the sound field structure as experienced
by the array in a multipath ocean.

(U) In order to quantify, analyze, and model the sound field structure across the
array, the following acoustic synoptic factors were de'ised. Two classes of acoustic
synoptic factors will be considered below: total array synoptic factors and intra-array
synoptic factors.

TOTAL ARRAY SYNOPTIC FACIORS (U)

!;A Fctuor (U)
(U) The signal plus noise amplitude fluctuation behavior is given by the nonnalized

standard deviation

A OAiAa> 0. (4)

where

J

Sj 5

0 ONFIENTI(6)A 0;
6
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and

OfE((Aj- (,y))2 (A)) (7)

with the operator ( representin' a time average. Normalizing by Aa avoids changes in the
propagation conditions from biasing the measure 1A.

(U) 1A has been tabulated on a site-by-site basis and gives the following overview
of the Bearing Stake exercise (Ref 9, 10):

"I-. IA is sensitive to the propagation conditions.

a. It discerned the bottom-limited propagation for Sites 3 and 1 from the non-
bottom-limited propagation for Site 4.

-b. It sensed the propagation interference due to the presence of a seamount, ie,
"it discerned the difference between projector tows 5PI (no seamount) and
2P3A (seamount between source and OAMS a-ray).

.Z YA is sensitive to array behavior (eg, array tilt and/or tow depth).

S.a. It discerned that the LATA (towed at 300 ft) was not sensitive to the
propagation condition differences between Site 4 (not bottom-limited) and
Sites 5 and 2 (bottom-limited) while the OAMS array (towed at 200 ft) was.

b. It showed that the BMA and the OAMS array performed essentially the same
at Sites 3 and IB. [This was confirmed by the C and ASG analyses (Ref 9, 10).]

3. Z A is sensitive to array sensor calibration and/or damage [eg, it discerned the
OAMS array "crush event" during Site 4 projector tows (Ref 5)1.

SNR Factor (U)

(U) The signal plus noise-to-noise ratio in dB is given by

SNR E (S + N)- N (8)

where

(S+N) E 10log 10 A2 5kfor signal plus noise), (9)

N 10 log A2  (for noise only), (10)

and

J
J

j=1

r CP Factor (U)

(U) The wavefront cohcrence is measured by the array phase coherence coefficient

7
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;:: :J J
i ~Cp - I=I (cos (Oj -02))< (2

J2 j=l 2=1

where (cos (Oj - 02)) measures the phase incoherence due to wavefront corrugation and
array deformation.

(U) Plots of Cp versus range R measure the phase incoherence due to wavefront
corrugation and array deformation, ie, high Cp values occurring intermittently at all ranges
show that the array deformation is effectively negligible for a radial projector tow. Then
the existence of intermittent low values of Cp rangewise shows the occurrence of beam
jumping during this projector tow due to variable wavefront corrugation. Cp is also used
to evaluate the array modeling ability and limitation', of normal mode theory (see Section V).

ASG Factor (U)

(U) By conveniently normalizing (to compensate for the use of various array
shading schemes) the beam array signal gain [see Eq (26) of Ref II, the array signal gain
can be given by (Ref 8)

ASG = lOlogl 0 asg - , (13)

where

J J

N Wj wý (A. A, cos j - 00)

asg = (14)
W- , -8

and the wcig'ting factors are 0 < W, WQ < I. The mean and standard deviation of ASG
arc usually of the most interest.

INTRA-ARRAY SYNOPTIC FACTORS W.)

(U) Two type.s of intra-array synoptic factors will be considered below: one-point
structure factors and two-point, structure factors.

One-Point Structure Factors Versus Sensor Nuibewrj (U)

(U) CAJ FACTOR. The amplitude nonhomogeneity factor

CA M 10log10 (Aj) 15)

meaisures the amplitude nonhomogencity that impacts the d(kg-ee of be-an qplitting and
sidelobe ,uppte-ion (Ref 1). In Witu CAj can check for sensor calibration and damage as wi.•.
.hown in Ref 7

CONFIDENTIAL
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(U) Ci FACTOR. The percent relative amplitude standard deviation

C? E I 0.ia/(Aj) (16)

is very sensitive to signal multipaths but not to noise multipaths and amplitude nonhomoge-
1bl neity. See Ref 7.

Two-Puint Structure Factors Versus Sensor Separation (U)

(U) CNA1 k FACTOR. The normalized amplitude covariance

___j A0~/(A)_ (Aji)
CNA. max ((Aj A2)/(Ai) (A)) (20)

gives the f tructure of the amplitude field across an array in a multipath ocean. Note that
CNAj1 varies about its value for zero covariance, which is I/max ((Aj Ak)!(Aj) (Aj)). This
zero •ovarianu: level is indicated in the CNA12 plots of Fig 2 through 24 by the solid
horizontal line with arrows on cihier end.

(U) c FACTOR. The array phase coherence matrix

Cp- (cos (00- j)2

goes the structurc of the- nonlincar ph-a. field across an array in a multipath ocean.

(U)17j£ )- FACTOR. The classcal coherence matrix

!. (Aj At + (A) - U-1,
S(A:, (A Z

lovcs the tnte Mction of the siructure of thc anpliudc' fiekW and the nonhinear residual phase
field acrows sQ a. rray ,n a multptath ocean.

C
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III. (U) SOUND FIELD STRUCTURE STUDY

(U) The plots of CNAj-, CJ and ('yj2) (see Fig 2 through 24) show the nature of

sound field structure at Sites 2 and 4 for Bearing Stake. These figures are somewhat diffi-
cult to follow and understand. In this section we introduce some additional synoptic
factors that clarify the interpretation of these figures; they are included with each figure.
Table 3 then aids the reader in prioritizing the figures in order of their coherence via the
colerence factor CF of Eq(321). In addition, Table 3 shows that the impact of off-broadside
incidence Ao of the received signal has no real influence on the coherence. Also it is seen
that C is a poor prioritizing factor compared to CF. Table 3 also shows that the phase
time stability, as synopsized by ADS3 of Eq(43), is closely related to the quality of coher-

*-ence, while the amplitude time stability, as synopsized by ADS1 of Eq(43), is not. On
page 12 a narrative guide through Fig 2 through 24 is given in terms of the coherence
structure. As a further aid to understanding Fig 2 through 24, Eq (34) through (36) relate

.-. some of the pertinent stochastic factors that appear on the figures.

(U) The sound field structure of Fig 2 through 24 is synopsized as follows. CJ' is

plotted as a function of sensor separation d Idj - d2l; that is, Cd CJ•, i 1, 2, 3, where

CI= Cl = CNA2 =CDl, (23)

C2= = C2 = CD2, (24)

and

d CjV eyrj 2) 2 =CD3. (25)

At each separation d there exists a number nd of values for C= C'(k), 1 < k < nd. That is,
nd is a function of d. There is a total N = J sensor separations. The first separation d is
d 0 and the maximum separation d is dj = D. With each separation d there is an associated
set of nd values C'(k). This can be represented by relating the vector

(d) = (dI ... ,dN =D)

to the vector

,.. . .(nd) (n nD 1).

(U) At each value of d, compute

nd
d -nd C'(k) (26)

Sk= I

10
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and
nd 2

(d ' [Cd(k)-A d 0, ad Si (27)

k• n

Ad and ad represent the two essential properties of the behavior of the sound field structure
as manifested in Fig 2 through 24. The mean structure gA represents the structured
behavior of C' versus d. The standard deviation a' represents the vertical spread about the
mean structure versus d. Both Atand a come from normalized functions, and it has been
found that the behavior of Ad and ad versus d have largely independent structure. The
appropriate acoustic synoptic factors are

N

I ad SNDi , (28)
d=dl

C cC E/_., (29)

"j=1 R-I

where C C of Eq (12),
p

N
.= p i MNDI, (30)

d=dl

and

•. N2 i 2 1= MSi. (
('l)A =d-' (/d-u'N) 0Ua M i (31)

d=dl

Note that in general Ad will not equal C . A•is of special interest since it becomes smaller
as the vertical variation of A versus d decreases in vertical extent. pl- is drawn as a solid
curve through the plots of CDi in Fig 2 through 24; CJi, MNDi, SNDi, and Mai are also given
on each of these plots.

(U) Several characteristics of the sound field structure are evident in Fig 2 through
24. Tht quality of the classical coherence ('yc 2)2 is bettor the higher p3 remains and the
smaller a' is. Thence, the Coherence Factor is deftined by the convenient measure

CF I -. ' I1. (32)

CONFIDENTIAL
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The closer this factor is to unity, the higher the quality of the coherence observed. In
terms of CF, Table 1 shows the plots of (.c)2 rated in order of decreasing coherence. The

amount of structure in (,yc )2 is determined g3 and ad To synopsize this, define the12 a d ..
Structure Factor by

3 3 (33)

The smaller SF is, the less structure that is occurring in (c,)2. SF is shown in the plots (Fig 2

through 24) of (Yy)2 where it is seen that SF correlates well with CF. However, visual inspec-

tion of the plots of (7c )2 shows that CF is the better coherence prioritizing factor. Table 3

shows that CF is also a far better prioritizing factor than C .

(U) The amplitude, phase, and coherence behavior for the first 12 signal periods
for projector tows 2P3A and 4P1 is shown in Fig 2 through 24. The Tow 4P1 behavior is
discussed first. Tow 4P1 has one turn at about time Il I ZULU. Comparing Fig 16c (at the
time of the turn) with Fig 14c (24 rmin before the turn) shows that during the turn, the
coherence fluctuation increases greatly and the coherence becomes structured. This is also
evident in the relative amplitude behavior (see Fig 14a and 16a) and in the relative phase
behavior (cf. Fig 14b and 16b). In Fig 17 (7 min after the turn) the patterned amplitude
and phase behavior persists but is not as well correlated. In Fig 18 (20 ruin after the turn)
the coherence fluctuation has decreased while it has become much more patterned, and the
amplitude and phase are patterned and in correlation. In Fig 19c (36 min after the turn)
and in Fig 20c (50 min after the turn), the coherence shows its greatest pattern magnitudes.
In Fig 21 c (1 hr 45 mir. after the turn), the coherence pattern magnitude has decreased
significantly (but shows more cycles of pattern). In Fig 22c (I hr, 50 ruin after the turn) the
coherence pattern magnitude has decreased greatly and again shows fewer cycles of pattern.

(U) Tow 2P3A has no turns. Figure 2c shows only fair coherence, but Fig 3c
(24 min later) shows excellent coherence, and Fig 4c (5 rmin later) shows good coherence.
Seventeen minutes later (Fig 5c) the coherence is again only fair, but the coherence is
again excellent seventeen minutes later in Fig 6c. The coherence is good 29 min later
(Fig 7c) and remains good in Fig 8c (9 min later), and in Fig 9c (45 min later). Sixty-one
minutes later (Fig I Oc) the coherence declines somewhat but remains good. ftowevcr, in
Fig I Ic (16 min later) the coherence is only moderate and continues to be moderate in
Fig 1 2c (11 rmin later). Thus, the coherence varied considerably during the straight-line
tow 2P3A. (Table 3 also indicates this behavior.)

(U) Some observations can be made about Fig 2 through 24 using the synoptic
factors that appear above each figure. In general, the mean vertical structure of CNAj2
times the mean structure of fJp nearly equals the mean structure of c ),, ie,

/3 . (34)

(The only case in which this does not occur closely is for Fig 12, where the value is 0.764.)
This relation between the mean structure is to be expected because of the definitions of

CNAjQ, Cjpf and (yj:•)Z in Eq (20, (21) and (22), respectively.

12
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(U) ihe quantit• (72 )2 is a measure of the correlation of the amplitude and phase
structure. The smaller 2 is relative to the sum of 71 and 1;2 the better the phase-ampli-
tude correlation. This is measured by

Z1 ~2
Z (35)i'i

In general, Zr is greater than unity (the only exceptions are Fig 24, 21 and 17, where Zr
equals 0.744, 0.9744 and 0.875, respectively). In general, IZr decreases as CF decreases.
The relation of T2 to Z1 is also of interest. In all cases, the phase coherence fluctuations
exceed the amplitude fluctuations, ie,

" >1 (36)

* . and this ratio roughly declines as CF declines.

(U) Fc; signals k out less so for nuise), ai generally declines with d as the number of• J p
sample sets decreases. This effect is less pronounced when the structure of CJ• is more
patterned, but it is very definite when the patterned structure of Cy abates. For signals (but
less so for noise), a'- tends to peak in mid-range for d. This represents a compensating trerd

T between the occurrence of many samples or small separations d and reduced phase coherence
for greater separations d.

(U) The behavioi of

(A:AV)
CMj - ) CM (37)

plotted in Fig 2 through 24 is interesting. It correlates with the obset'ation that the higher
CF is and the less structured CNAjq is, the more likely CNAjq is to remain above its zero
correlation line given by I/wax ((Aj AR)/(A 1j)(A2). Thance, the relation of CNAQR to its
zero correlation line and the amount of CNAjR with negative correlation will be determined.
as follows. CNAj 2 has a nqgative correlati'n when (Aj AR)/(Aj)(AQ) < 1. Therefore, define

CA G.(j Aq)

(A )IA . (38)d (A1 )(Aq)

when (Aj AR) < (AjXAR) and set it to zero otherwise. CAd caai be tieated in the same
manner thet Cd was. Briefly, at each separation d there may exist a number nd of values
for CA3  C3annmt sbe fn

do A d (k) < 1, 1 4 k 4 nd . w&th n. a nonempty subset of . Denote the total

C3
S~CONFIDENTIAL
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number of separations when nr is nonempty by N, which makes N a nonempty subset

of N. Therefore, analogously to A' define the amount of Negative Amplitude Correlation by

, N- n• d

. 1NAC M • CA3(k) (39)
~ ~ 1 nd k=l dd=d I

• -

• t

3 
14
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IV. (U) STABILITY OF THE TIME AVERAGES

(U) The question arises as to the stability of the synoptic factors as the averaging
time AT is changed. This issue is addressed by considering the stability of some representative
quantities [denoted by Si(AT)] of the sound field structure as AT is increased. In Ref 5
through 10, an averaging time of about 4 min was employed. (This was chosen after a pre-
liminary study of CAi and Co for various values of AT.) To see how sensitive the quantities
Si(AT) are to changes in AT, assume a reference averaging time ATr of about 4 min and
consider how those quantities Si(AT) vary relative to their values Si(ATr) at ATr as a func-

. tion of AT. In particular, consider

Si(AT)
Ai(AT) Si(AT) = DSi. (40)

S(T) i(ATr) 1

(U) A suitable set of representative sound field structure quantities Si(AT) was
chosen for the acoustic synoptic factors of Section II. From these it was determined that
the behavior of the quantities

SI A a =-" (Aj) (41)

and

S3 CP 72 j (cos (j- OQ)) (42)S3 =Cp '•-j=l 2=1

were adequate for the purpose of this study.

(U) Let the samples s(m) be indexed by in and summed to M, which corresponds
to AT. Then

Si(AT) = = " • si(m), i=1,3.
m=1

Since we are dealing with indexed samples, say sjQ(m), the above result is obtained as
follows (note that the function index i has been suppressed):

S(AT) S (M) sj2(m) W
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=--M s(m)M
m=l

-,::~ = (l) + ... + s(M)

M

,,~ _ (1, ..... M)

where s (1, ... , M) replaces s (1) + ... + s (M) for brevity. Therefore,

Ssi (l, ..., M)

M si((1,....,M) Mr
A(AT) = Ai(M) s(l .. M sj(l,...,Mr) M

r
where Mr corresponds to ATr.

(U) To quantify the total area between the curve Ai (AT) and the line Ai 1, the
synoptic factor

:i Mr

AAi- . Ai(M)-l = ADSi (43)
::" ~M= 1l

is utilized and appears in Table 3 and Fig 2 through 24.

(U) The behavior of five functions Ai (AT) for the first 12 signal periods for pro-
jector tows 2P3A and 4Pl was plotted. It was found that A1 (AT) and A3 (AT) were
related to the other three functions in a logical manner, so only these two functions are

included in this report for each of the 23 signal periods (Fig 2 through 24). The synoptic
factors AA I and AA3 are shown at the top of each of these figures and in Table 3. Table 3

shows that AA 3 is related to CF (except for those corresponding to Fig 10, 19 and 23) in
that AA3 generally increases as CF decreases. On the other hand, Table 1 shows that there

is no correlation between AA 1 and CF. Therefore, it is concluded that the more stable the
time average of Cp is, the better the coherence (7,2)2 is. On the other hand, the stability

of the time average of the amplitude has little impact on the coherence (c) 2 for the cases

investigated in Fig 2 through 24.

16

CONFIDENTIAL



CONFIDENTIAL

V. (U) NORMAL MODE MODEL FOR BEARING STAKE

(U) A normal mode model has been applied to Bearing Stake. This section discusses
the suitability of this model for representing Bearing Stake results (Ref 4, 9, 11). The model
found in Ref 9 that the Bearing Stake sound field structure is at least three times as com-
plex as that of the open Atlantic and Pacific Oceans. In its Pacific and Atlantic results, Ref
11 found that, with respect to sound field complex:,- across arrays, vertical projections
are about 15 times as important as radial projections. ''h regard to wavefront corrugations,
both vertical and radial (ie, rangewise or endfire) projections should be more important than
transverse (ie, broadside) projections. (Being essentially two-dimensional, the model cannot
treat behavior transverse to the plane of sound projection.) Wavefront corrugations (a sound
field propagation effect) and array deformations are indiscernible near broadside. Wavefront
corrugation near endfire is mainly caused by the radial field along the array, which is averaged
over 4 min of mainly relative radial motion of the array (the aspect angle determines the
"relative amount of radial and transverse source motion).

* ___ .(U) The normal mode model can treat radial and vertical projections of the sound
field structure but not the transverse sound field structure. Therefore the model was
employed to examine the 50-ft difference in vertical projections between the OAMS array
(925.4 m or 3036 ft long times 1 deg of tilt equals 53 ft vertical projection) and the LATA
(1200 m or 3936 ft long times 1 deg of tilt equals 103 ft vertical projection). For Site 4, the
OAMS array subset of the LATA (Ref 8) reduced the LATA vertical projection by about 1/4
to 79.48 ft (ie, 3036 ft long times sin 1½ deg) due to the approximately 1/4 length reduction
of the LATA. This reduces the residual phase variability by about 1/3 near broadside as
shown in Fig 25. Therefore, reducing the vertical projection does reduce the wavefront
corrugation significantly. It may even be true that the transverse wavefront corrugation is
essentially negligible. This is important for modeling purposes when one considers how
difficult it is to remove all array tilt.

(U) The broadside OAMS array behavior with respect to C is observed (see Fig 26)
to be about the same as the OAMS array subset of the LATA (Fig 25a). Thus, it appears
that the LATA and the OAMS array are comparable at broadside with respect to C For
the LATA for Site 2 and for the OAMS array for Site 5, the LATA tilt was probably no
worse (if not better) due to "array trimming" (Ref 8) than the OAMS array tilt. The OAMS
array on Tow SPI (Fig 27) was comparable to the LATA on Tc v 2P3A (Fig 29) and on
Tow 4PI (Fig 31) near broadside with respect to C p, However, the OAMS array on
Tow SPI (Fig 27) was much better than the LATA on Tow 2P3 (Fig 33) near broadside
with ,espect to Cp. Note that although Fig 27 shows Cp behavior that is superior to Fig
28 and 30, when only the broadside values of Fig 29 and 31 are compared to Fig 27, it
appears that the OAMS array and LATA performed similarly near broadside.

(U) Figure 34 illustrates a plausible explanation of how the angle-variable behavior
for the LATA agrees with the normal mode model. The solid line in Fig 34 represents the
mean of C., and the dashed line represents the standard deviation about this mean. The
normal mode model assumes that there is no transverse variation and assumes that the
offset below unity of the mean C at broadside is due solely to the remaining vertical
projection of the LATA array. The normal mode model generally agrees with the behavior
shown in Fig 34 in that in moving from broadside toward endfire, the radial projection of
the sound field increases, causing the mean of Cp to decrease and the standard deviation
about this mean to increase.

11. Personal Coamnunication from hi. A. Pedersen of the Naval Ocean Systerns Center.
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VI. (U) CONCLUSIONS

(U) In Section I an overview of synoptic factors was given. The usefulness of synoptic
factors for improving the utilization of theoretical models was emphasized, and Ref 4 gives
examples of this. Section II defined several types of acoustic synoptic factors. Some of these
are shown in Tables 1 and 2 for the Bearing Stake data addressed in this report. Two types of
acoustic synoptic factors are given. These are total array acoustic synoptic factors and intra-
array acoustic synoptic factors. The latter class consists of one-point structure factors and
two-point structure factors. The latter type is plotted in Fig 2 through 24, and its structure
received much attention in Sections III and IV.

(U) A detailed sound field structure study was developed in Section III. This con-
sisted of developing some further acoustic synoptic factors for the structure of the sound
field and finding meaningful relations between these factors. It was shown that the coherence
"factor CF, as determined by the structured behavior of the classical coherence (4,c)2, is very

- 4~tj useful for categorizing array coherence behavior. In fact, Table 3 shows that CF is a more
reliable parameter than the usual coherence measure Cp, the array phase coherence coeffi-
cient. In a discussion of projector Tow 4PI, it was shown that an array turn can introduce
"a patterned disturbance into (c)2 and that this behavior can persist for at least 1.7 5 hr
after the turn event. Examining Tow 2P3A showed that even a straight radial tow can pro-
duce significant changes in the coherence behavior.

(U) The stability of the time averages used in this coherence study is given in Section
IV. The results are shown in Fig 2 through 24 and in Table 3. It is concluded that the more
stable the time average of the phase coherence is, the better the classical coherence is, while
the stability of time average of the amplitude has far less significance.

(U) Section V discussed normal mode modeling for Bearing Stake. It can model
the impact of array tilt and bearing angle. The OAMS array and LATA differences dis-
cussed in Ref 7 were resolved, and it was shown that the LATA behavior shown in Fig 34
can be explained by the normal mode model.

(U) The question arises as to how the acoustic synoptic factors are used in practice.
Reference 4 gives excellent examples as to the use of some of the acoustic synoptic factors
discussed in this report. In Ref 4 the array configuration and tilt are modeled in their soft-
ware along with the appropriate propagation conditions. This produces the appropriate
values for the amplitude and phase. These latter values are then fed into software models of

the acoustic synoptic factors (for example, ASG of Eq (13) and ('4c) 2 of Eq (22)) and then

compared with the results obtained when actual Bearing Stake data are applied. These results
were instructive, and the phenomenological ambiguities of Ref 7 were resolved. This proce-
dure is the one recommended for predicting the behavior of the acoustic synoptic factors in
other environments and/or for arrays other than those used in Bearing Stake. With the under-
standing gained from such an analysis, insight is gained into the sound field structure for the
other environments and/or for the other arrays. With this insight, system relations such as
appear in Ref 12 can be applied with confidence.

12. J. A. Neubert. "The effect of the i .und fleld s, ructure on array signal gain in a multipath environment,"
J. Acoust. Soc. Am., October 19F 1.
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Fig No CF ADS3 ADS1 Cp

3 0.9924 0.6 4.1 11.45 0.9389

6 0.9913 0.5 14.0 12.50 0.9490

4 0.9876 OA 4.7 11.65 0.9367

9 0.9874 0.2 7.1 13.45 029331

7 0.9843 0.4 8.1 12.70 0.8518

22 0,9775 1.5 2.9 54.30 0.9249

8 0,9721 7.8 16.4 11.10 0.8187

10 0.9626 0.6 2.0 11.25 0.8450

14 0.9505 1.4 7.6 19.95 0.8516

24 0.9485 0,7 1.5 43.45 0.9318

12 0.9477 233 10.1 -76.35 0.7081

-Loft,! 19 0.9417 5.8 2.4 32.30 0.5071

18 0.9410 2.9 12.4 29.70 0.7332

21 0.9381 0.6 0.9 54.90 0.8279

16 0.9100 5.5 3.6 26.66 0.8523

"". 11 0.9052 3.0 13.7 8.70 0.8133

2 0.9901 1.6 8.6 12.70 0.8420

5 0.8897 5.5 3.5 11.85 0.7209

20 0.8724 8.0 4.9 32.80 0.5940

13 0.8709 13.0 3.3 12.55 0.5971

V1 0.8153 15.1 7.3 24.50 0.3844

15 0.7944 16.5 8.6 17.70 0.4767

23 0.7898 2.5 6.7 51.90 0.8122

Al4p gives the off-broadside angle.

(UNCLASSI Fl ED)

(U) Table 3. Study of CF.
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(U) Figure 1.Bearing Stake Site Locations.
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(U) Figure 2a. Nornalized amplitude covariance.
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(U) Figure 2b. Array phase co~herence.
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(ii) Figure 2c. Classical coherence.
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(U) Figure 2d. Array amplitude covariance.
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(U) Figure 2e. Amplitude time stability.
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(U) Figure 2f. Phase time stability.
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(U) Figure 3a. Normalized amplitude covariance.
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(U) Figure 3b. Array phase coherence.
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(U) Figure 4a. Normalized amplitude covariance.
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(U) Figure 5a. Normalized amplitude covariance.
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(U) Figure 5f. Phase time stability.
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(U) Figure 6c. Classical coherence.

52

CONH DENTIAL



CONFIDENTIAL

winR0 B1NR W02.9 ONDl
EATA Tow MPA, V7 F~PRU 1.977 LI93iL TO It 4IS UWJ, SQIVA, P1M 2S.LO KZ

3.0 .........

- [~.0 -~

Was

HYRORP2?ONE~ PRIR SEPWI~TIfON CRT)

(CON FIDENU AL)
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(U) Figure 6e. Amplitude time stability.
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(U) Figure 7a. Normalized amplitude covariance.
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Figure 7b. Array phase coherence.
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(U) Figure 7d. Array amplitude covariance.
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(U) Figure 7f. Phase time stability.
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(U) Figure 8e. Amplitude time stability.
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(U) Figure 9f. Phase time stability.
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(U) Figure 17e. Amplitude time stability.
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(U) Figure l8d. Array amplitude covariance.
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(U) Figure I~e. Amplitude time stability.
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(U) Figure 18f. Phase time stability.
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(U) Figure 19a. Normalized amplitude covai-ance.

128
*CONFIDENTIAL



CONFIDENTIAL

SOUC BEARING 122.30 DEW
LATA Tow 4P1,, 13 PIARC 1977 1146M5 TO MOM:5 ZUU, SIGNAL, I'RE 25.05 HZ
CJ2- .5071 W)N2- .475 34O2-.088 t182-.220 WF-.9417 Sl-.00e1 WA-.4151

b 1.0

(40.5 ni

03 0.0-

* -z -0.5-

-1.0-

o 0.5

HYOROPHONE PAIR SEPARATION (FT)

(CONFIDENTIAL)

*(U) Figure 19b. Array phase coherence.
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(U) Figure 19d. Array amplitude covariance.
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(U) Figure 20b. Array phase coherence.
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(U) Figure 20c Classical coherence.
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(U) Figure 20e. Amplitude time stability.
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(U) Figure 20f. Phase time stability.
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(U) Figure 21a. Normalized amplitude covariance.
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(U) Figure 21Ib. Array phase coherence.
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(U) Figurr- 21c. Classical coherence.
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(U) Figure 21d. Array amplitude covariance.

143

1 •CONFIDENTIAL

-- - - - - - -- - - - . - -- - - -

"... . "-" . 4.. . .- 4 - , A 7 • . i -•.i.';£. . . L , • : "-•-C. . . .. • - , ". ..• .Z : ;• '.' • • :T . , .. -- . , .



CONFIDENTIAL

MM~c KMINw 144.90 M9LATA Tow 4P1, 13 HRR•i 1977 1255&51 TO 1259.51 ZULU.. SSftL,, FRE 20.04 HZ
ROS1- .948

2.0

1. 1.8

1.4

0.8

0.

0.6

* 0.4-_____

0.2

0.01 _ i Io 8 , a

-4xRlVERRGING-TIrME (SEC)

(CONFIDENTIAL)

(U) Figure 21e. Amplitude time stability.

144

CONFIDENTIAL

'Al ................................-- '.



CONFIDENTIAL

SM BDERIN 144.90 UM
LATA Tow 4P01, 13 WM 1977 125541 TO 1259&51 ZILU, SIGNIK, FM 20.04 HK

P!t 2.0 -,

1.6-

1.2-

1.20 - ----------- --- _ _ _ _ _ _ _ _

0.8

0.4"

0.2- --

0.0-"...

9 9

RVERI9GING-TIME (SEC)

(CONFIDENTIAL)

(U) Figure Zlf. Phase time stability.
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(U) Figure 22a. Nomalized amplitude covarlance.
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(Uj) Fiure 22h. Array phase coherence-
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(U) Figure 22c. Classical coherence.
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()Figure 22d. Array amplitude covariance.
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(U) Figure ?2e. Amplitude time stability.
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(U) Figure 22f. Phase time stability.
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(U) Figure 23a. Normalized amplitude covariance.
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(U) Figure 23b. Array phase coherence.
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(U) Figure 23c. Classical coherence.
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i 'i (U) Figure 23d. Array amplitude covariance.
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(U) Figure 23e. Anplitude time stability.
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(U) Figure 23f. Phase time stability.
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i •I••(U) Figure 24b Array phase coherence.
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(U) Figure 24c. Classical coherence.
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(U) Figure 24f. Phase time stability.
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(C) Figure 26. Phase coherence as a function of range; DAMS array;
Tow 4P1, 25 Hz; 13 March 1977.
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(C) Figure 2.8. Phase coherence versus range.
LATA; Tow 2P3A; 25 and 20 Hz.
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(C) Figure 29. Phase coherence versus source
bearing. LATA; Tow 2P3A,

25 and 20 Hz.
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(C) Figure 30. Phase col- erence versus range.
LATA; Tow 0P1; 25 and 20 Hz.
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(C) Figure 32. Phase coherence versus range.
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,(C) Figure 33. Phase coherence ve rsus so re .

: L A T A;e T oin g . 3LA T A ; aTdw 2 0P 3 z
250 an 0 z

-•-- - -- - .- ----------------------------------



CONFIDENTIAL

•*Cp I

0.4,

0.0-

(U F" 0.1, 4 ."

a-.0.,S • .

bern frTwP4I fo he* T

0.S • po a

0.31

SC ONF IDE NT

:: (CONFIDENTIAL)

(U) Figure 34. Comparison of Cp, versus source
bearing for Tow 4P1 for the LATA

• Subset (upper plot) and the
ordinary LATA (lower plot).
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DEPARTMENT OF THE NAVY
OFFICE OF NAVAL RESEARCH

875 NORTH RANDOLPH STREET
SUITE 1425

ARLINGTON VA 22203-1995
IN REPLY REFER TO:

5510/1
Ser 3210A/0 11/06
31 Jan 06

MEMORANDUM FOR DISTRIBUTION LIST

Subj: DECLASSIFICATION OF LONG RANGE ACOUSTIC PROPAGATION PROJECT
(LRAPP) DOCUMENTS

Ref: (a) SECNAVINST 5510.36

Encl: (1) List of DECLASSIFIED LRAPP Documents

1. In accordance with reference (a), a declassification review has been conducted on a
number of classified LRAPP documents.

2. The LRAPP documents listed in enclosure (1) have been downgraded to
UNCLASSIFIED and have been approved for public release. These documents should
be remarked as follows:

Classification changed to UNCLASSIFIED by.authority of the Chief of Naval
Operations (N772) letter N772A/6U875630, 20 January 2006.

DISTRIBUTION STATEMENT A: Approved for Public Release; Distribution is
unlimited.

3. Questions may be directed to the undersigned on (703) 696-4619, DSN 426-4619.

BRIAN LINK
By direction
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